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NEUTRINO-ELECI’RC)N SCATTERING AT LAMPF

----LARGE CHERENKOV DETECl”GR EXPERIMENT

D. Hywei White

LQSAkmos National Ldm’atoty

Los Ahxnos, NM 87545

An experiment to measure neutrino-clcctmn scattering is dcscribcd. The

neutrinos arc generated in a beam stop from 8’)0 MeV protons at LAMPF.

The expcctcd precision on sin~w. The cxpcctcd precision on sin~w is

1%. ‘Ile cxpcrirncnt also gives stingcnt hints on neurnno oscillations and

is sensitive to neurnnos !iom supemora collapse

The Standard Model of clccuowcak interactions seems prcscndy to bc in excdlent

shape. Measutvmcms of the masses of W and Z rkcp inclastic”ncutrino scattering and

other ICSSprccke data have been amenable in a global analysis [ to a description in mm of

a single value of sin2~ after radiative corrccticms have been rnadc, rcgadless of reaction

and tnomcntum trarisfcr. Jt is widely believed that the ducc-family structure of quarks and

kptons is corrccc and with this assumption the only serious uncertainty in the calculation

of radiative comccacms arises from the topquti mass. Apart from this uncertainty, the

theoretical precision is considcmbly txmcr than any likely experimental accuracy in k near

future. This paper dcscribcs an expctimcnt to extend tic precision with which the Standard

Model can bc tested in a regime where accuracy has been difficult to achieve in the past.

Neutrino-elcctmn scattering is theoretically clean, even at the one-loop level, and tests the

electmwcak theory in a way compkmcntary to tests made at the Z pole. We id.so note [hat



the Presen[ best values fm Sin%w in ncuticxicc’tmn scamring come born the Broo&haven

epmnt and horn CHARM at CERN. llw Btwkhaven number is

sin%w = 0.195 ~0.018 ~ 0.013 [2]

and k CHARM II pd.i.minary result reported at k Munich com-ercnce is also lowcr h.n

the globcl value of 0.230 fmn Ref. 1. A top-quark mass higher than 45 GeV, which is

commonly used fa no good reason, would go scmx way to explain this discrepancy.

In cammn style, the rmliarive corrections to the mass of the Z arc detibcd by Fig. I

Figure 1

llesc me-loop corrections can be separated into comributions fromlcptcm.

quarks, and bosom. The kptonic contribution (0.0328) is weU specified since all dw

lepton masses am known to sufficient @on; * largest Imcm.am ty m th” quark ]CU)p

contribution is the top-quark mass, which varies as (%)2. The Imsonic conmbuucn,

for example tiorn the Higgs, is datively small. Assuming that the topquuk mass is 45

GcV the tma.1ml.iativecomccticm to f.hcvcctm-b mass is O.0713i0.@-M13 where the

em dcnvcs from tmcrminty m input &to dw thmrewal ca.lculmmn. If the topquark

rm.ssIsknown, thcnt.tus amrrqxcwnuahnnttotesuofthcel CCtrcnveak t.kcKy, at d-us

tmm, ]t also rcprcscntx a goal tit the cxpm.rtmnts cm uy to am. If the tq mass II na

known hentitriad ofmeasutrrnm.satrh cZpok, themnoof Wand Zrrmses, and

ruutlal —currentXmui.ng cm mcrnpt toMine themp rnus and Vrnfy thm the I-’adlallvc

ccmtxtmm arc ccmsisum with th.nw families

The neutrmo Z vcncx can only be m~hcd wth any*- of pmclsmn horn

neumn~ncutra.l< umcnt scartcnng The dmgmmi In Figure I IS wpcd of t set of one-imp

mrrccttcms to ncumno mttcnng, wh]ch must be venfmd ro complctr the [cu of tic



eiectroweak theo~ at this level. At present the most accurate tests of neutral currents are

the deep-inelastic-scattering experiments, which along with measurements of the boson

masses dominate the global fit referred to ewlier. The quality of th is fit has been interpreted

as limiting the top-quark mass to below 180 GeV.

~ Nlethofj

Neurnno-electron-scattenng measurements in the recent past have concentrated on

measurements of the ratio of vu to ;P electron scattering. The experiments rely on

changing the heliciiy of the neurnno beam through the focusing system and notmaliziltion is

accomplished using a known twtction, quasi-elastic scattering.

vv+n-+p-+p

G
v

+p-+p++n

Systematic errors arise in the use of two slightly different beams and maccions for

normali~ation. The LAMPF proposal is to measure the ratio

a(vu e- + vue–)
R = ._.._ ._..–.

C(VU e- -+ vv e-) + a(vce - --+ vce-)

Neurnnc~s in the numerator arise from n’ decny, and in the denominator from W+de~iiy.

The ratio of the flux in the numcrwm m that in the denominator is the same to better thitn

I%, with a difference only in that 1% of the pions decuy in fligh~ and the subsequent

neutrinos miss the detector because [hey are boosted to the forward dirvction, but the

muons from ~+ decay all come to rest ii~d (iecay isotropically, The shape of the spectra is

shown in Fig. 2.



/

V*

/

/

\

\

\

\

) 40 90

NEUTRINO ENERGY (MoV)

Figure 2.

Ilcy arc probably among the best known spectra in physics. The delta function from X+

daay hu ● “width” given by the ratio of atomic energy scales diviclod by 30 McV and

dOWS tk ~bdity Of ~ y UEaSUrcnlmit with excclknt mOhKimL ThC SCp8MfiOIl Of x+

decay md B+decay is made possibk by a com~ssof ring that wc W Lcsdx below.

W ~ spill fmm this ring is appmx.imtdy 2S0 ns, long compard to the pion lifetime

and skt cornpami to & muon lifcamc, @ving a tim dependence of ncutrino flux shown

in Fig. 3.



In Flg 4. We show a schematic of the bcamdelivmy system.
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The Iinac nam.ally accdcmes H iau to 8(XIMeV, whicli arc mjccwd into dw p-men

sfonge ring (PSI?) used w # cunpmss.erring. The beam is chop@ so t.lmr tie nng has m

ernpry s- for clean smgk-tt.m extmcm giving a pTMOI-I spl.1 that IS ty-pcdly 2.S0 ns In

du.rmcm ThIS &am IS tIYJISpCWA [O a hem VqI In (hc ctnmr ~ I demta shown

wherrmtlcally In FIg 5
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Figure 5. NOT TO SCALE

At these proton energies, the predominant Imkgmund is from ncutmns and by far

the most cost~ffcctive shield is steel. The target is made mainly of copper, and the pions

arc tnwic and stop in dtc same material. Typically, the pions go about 10 cm in the copper

bfmc~gmmst ti~yintic~ tix+tim abtititicwofx-. Ordy

one-sixth as mauy a- as x+ am rna& by the protons, and of these only 1% decay in flight

m-i arc not abmbed. AI LA.KPF, k neutrinos htn the beam stop form a very clean

isotropic source of time-separated VPand (we+ GM).

The pruton bum, after exmction from the PSR, is transpmcd to the detector area

and bent through W into the vertical beam stop. In Fig. 6 is shown a drawing of the

detector and beam stop with dimensions in meters. The tmrt thickness is adqumc for

attenuation of the neutrons to an acceptable level.
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An isometric d.rmvkg of the entire system is shown in Fig. 7.
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The active medium in the detector is water, with Chucnkov lightfrom the nxoil

demons detectedwith substantial phoaxubc covcmgc following the design of the Kamioka

nucleon-decay *tcctm. W’-~-ris a particularly gwd r.’tdium in this application bccausc it

combines adequate energy m,d angular resolution for low-energy electrons at low relative

cost h Fig. &is shown 20 12-McV Monte Cub gcaemcd

Figure 8.



cktrotl CvCntSill water ad it is CICUthW although thCCICCtronpreserves the initial

direction to a grmu extcn~ the precision required to exfruX the angular information is not

great. The energy xesdution in a water Chtm.kov cktcctof is also adequate providing that

a relative photocathodc coverage ~atcr than 15% can be achieved. In Fig. 9 is shown a

stooping muon event from the Kamioka detector the decay electron c3n also be clearly seen;

this represents a typical event for neu-lcctmn scattering.
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J’k necessary to calibrate tk detector absolutdy in energy to establish the energy

threshold for the experiment and the slightly different efficiency for the numemtor and

denomimtor of the measured ratio. Again fkom Kamic& we show a Michel specuum

from muon decay in Fig. 10. The energy SAC was established by using a Cf - Ni source,

which Is a hewn gamma-ray smrce around 9 McV. With this energy calibration the

Monte Grlo match co the data in Fig. 10 is remarkable, given that there is
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Figure 10.

no further adjustment to the energy scale. Tne Kmrioka experiment establishes the

absolute energy scale to better than 3% by this method.



The number of ncutrino-scattering events shown in Table I reflects three years of

normal LAMPF beam time (3(X10H.rs/yr)with half of the accelerated H- ions injected ir to

the PSR.

Table I

Events

Generated in Sensitive region 16330 105470 17447

Reconstructed in the Fiducial region 10450 71265 11440

P.E, >27 7524 54570 8505

With this degree of statistical precision, the requirements for systemic precision ako

become severe. In Table II is shown a list of the dominant systematic errors. Fly

measuring the ratio of cross sections in real time, it is clear that substantial cancellation of

systematic errors occurs. However, to achieve 1~0accuracy on sin%W,systematic errors

are stilI important.



Table II

Cause Error in %

1.

2.

3.

4.

5.

6.

7.

8.

9,

------------- .. . ...-.

Decay in Flight

Cosmic Rays

‘r -o

Prompt yand F from neutron interactions

Delayea e from n-induced X+decay

Measurement of PSR spill shape

Systematic time shift

Absolute threshold energy

Nonuniform efficiency

--------------------------- -------------- --------.-------

Total systematic error

Total stmismxtl~ ~

Total error in R

‘1’otill error in sin2(lW

0.12

0.01

0.50

0.65

0.01

0.15

().08

0.40

0.10

().94
(added in quadrature)

1,60

——— .—

WEr-M.ciuiumwm

Ilis cxpcrimcnt has been dcsignai to perform ii l~~iis(l~!~nt of ncutrim} clecmm

~iittering ;Is ;’ criticid test of the clectmweak thc(my; the fi~cility is sufficiently vcrsiitilc.

however, Ihat a numhcr o! other k.sts t~liiy be pcrf(mncd. WC dixuss thctll briefly lx-low



Theneuhino flux fim the beam stop is known to about 5%presently titn calculation and

subsidiary mcasuretmnts. It is expected that this uncertainty can be reduced by about a

factor of two by improvements in the input-pattic@tmhction data and appropriate

subsidiary trmsuremcnts. With this information, the absolute cross secaons can be

determined for VPand Vescattering. If the neurnno has a magnetic moment the electron-

scattering cross section is enhanced by

AU = na2/~2 @ [ln(&J&rn~) -1 + l@n/&]

xa?m# = 2.49 x 1(Y25cmz

The enhancement is almost encfgy-independent in contrast to the eiectroweak

prediction, which varies linearly with energy. It is expcted that the moss section will be

measured to 3% , and also thattherelativeeffectof a magnetic moment is greater than at 1

GcV where the best present limit has been obtained. fhis limit of 0.85 x 109 bohr

magncmns is expected to impmve by a factor of 10 to 20. The charged-radius limit is

~ > is ex ected toproportional to energy as is the Standard Model cross section so that< ,

improve by about a factor of five.

As was emphasised above, ;Carcpmduccd about0.1% of the time in the beam

stop. The dominantreactionby which ~e interact is

‘e +p-.+e ‘+n

on free protons in the water. The predominant pmccss by which electrons appear at wide

angles from the ncuuino direction is



what the electron energy is limited to 30 MeV. ‘he basic strategyof an cmcillationsearch.

fmmthe beamstopis toscmh fordcctmns ofenergygmterthan 30MeV atwideangles

to the neutrino direction. ‘TM is presently being done in experiment E645 at LAMPF.

This oscillation se.mh for JM + ;e will be limited by the background reaction

180 ~ ~+ , l%
‘e +

with % at 0.2% of nanwl oxygen in water. The background level will conservatively

limitsensitivity at the levels shown in Fig. 11.

loco

100

10

1

.1

,01

●

s
●

●

m

●

●

●

9

● a

.0001 ,001 ,0! ,1 1

sln(alpha)”*2

Figure I 1.



There are a series of otheroscillation constraintsthatemerge fkomthis exptimcnt from a

distwtion of the ratio R if Vp + Vearising fmm the fact that neutral-current scattcrings of,

these two neutrinos differ by a factorof six. h the neutral-current sector this experiment is

insensitive to VV+ VToscillations because the two cross sections arc equal. The radial

dependence of the charged-current cress section also gives a disappearance limit fm Ve with

the sensitivity peaking at about 3 eV2. Each of these possibilities is described in detail in

Ref. 3.

The charged-current cross section on 1% has also become of i.ntemstrecently with

the possibility that discrepancies in the abundance c ght elements can be resolved by

Post?tdaangeffects due to ncutrino interactions in supcmov~. The absolute cross section

measured in this experiment is an impomtnt consuaint on these models.

Solar neutrino detectors have been proposals, which rely on the charged-current

moss section

+
‘e +D+e +n+n.

Although this cross section is mlpavely amenable to calculation, it would cicarly be of

intcmst to measure it directly as could be d me by inserting a transparent enclosing vessel

for deutcrium in the style of the experiment of Ref. 5.

This detector is an excellent supernova dctcctm, using the neut.rino interactions as in

the Kamiotca and M detectors. It turns out that the rate of electrons from a supernova of

the intensity of SN 1987A is in excess of the rate fm the normal experiment so that if the

challenge of data acquisition can be sumnounted, this experiment would be more sensitive

than Kamioka by about a factor of two. [t is not necessary to bury the detector deeply for

supernova ncurnno detection.

It is tempting to go on listing the oppomnitics that a !hmr-separable calibrated

source of neutrinos offerx but perhaps enough has been said. Clearly w am very excited

that this opportunity exists and hope that this physics appears in a timely fashion.



We have reproduced data from Kamioka. We thank that collaboration for making

them available. ‘1he collaboration proposing this detector is listed in Ref. 3.
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